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GAS DYNAMIC TREATMENT EXOTHERMIC AND 
ENDOTHERMIC 


SAMARAS 


Abstract 


Endothermic and exothermic processes gas dynamic flows taking place 
very narrow zone may considered discontinuities. The variation the 
static and total head density ratio, pressure ratio, and temperature ratio well 
the angle deviation, area ratio, and exit normal Mach number have been 
found functions the entry normal Mach number and heat addition. 
addition these, some other useful quantities such the area ratio parameter, 
the difference the square velocities, and the normal velocity product have 
been evaluated. was found that, discontinuity, heat can added until 
the exit normal Mach number reaches unity (choking). Depending the 
entry normal Mach number, only limited amount heat can added the 
discontinuity. exothermic discontinuity behaves expansion when the 
entry normal Mach number subsonic, and accompanied drop static 
pressure, density, and total head pressure. exothermic discontinuity 
behaves compression shock wave when the entry normal Mach number 
supersonic, and accompanied increase static pressure and density 
and decrease total head pressure. endothermic discontinuity behaves 
always compression shock wave, and accompanied increase 
static density, pressure, and total head pressure. hoped that the results 
and conclusions found may useful better understanding many nearly 
discontinuous phenomena such flame fronts, condensation and evaporation 
fronts, and other similar problems. 


Notation 


The following symbols have been used the analysis: 


area, 


local velocity sound, 


heat addition function, 


specific heat under constant pressure, 


critical velocity corresponding total head conditions, 


thickness the flame front, 


gravitational constant, 


heat content the combustible mixture, 


Manuscript received May 1947. 
Contribution from the Division Mechanical Engineering, National Research Labora- 
tories, Ottawa, Issued N.R.C. No. 1670. 
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Joule’s equivalent, 
Mach number, 
absolute pressure, 
gas constant, 
absolute temperature, 


velocity, 


static density ratio, 
1 

the normal exit velocity the inlet local velocity 
sound, 

ratio the exit static pressure the momentum the 

isentropic exponent, 


kinematic viscosity, 
absolute density, 


angle between the velocity and its normal component, 


for convenience only. 


The following subscripts have been employed: 


For the cold and hot sides the flame front, respectively, 


For normal, 
For total head values (except for the velocity and Mach number 
denoting the tangential component). 


1.0 Introduction 
1.1.0 GENERAL 


Since the combustion process applied gas turbines, propulsive ducts, 
and rockets such fundamental importance, the Council 
Canada has undertaken comprehensive experimental 
research program attempt clarify the fundamental laws combustion. 
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the past, very little work has been done regarding the gas dynamic 
aspects the combustion process gas streams. 


The first paper (7) this series dealt with the general problem heat 
addition gas streams one-dimensional fashion. 


This the second paper, and deals with the general conditions pertaining 
flame fronts. 

Generally speaking, flame front defined thin zone where rapid 
chemical reaction (combustion) takes place, accompanied light emission. 

the case premixed gas, the flame zone, for reasons simplification, 
called also flame surface, defined the surface where the burnt and unburnt 
gases come into contact. 

natural gas—air mixtures, the luminous zone marked the sharp 
appearance and disappearance the C-C and C-H bands. When sodium 
added the flame, the sodium lines appear simultaneously with these 
bands that temperature measurements can effected within the com- 
bustion zone. 

The fact that the flame accompanied light emission secondary 
importance only; one part the emitted light does not originate the 
combustion zone, but from the still hot, just burnt, gases behind it. 


The question whether the radiation emitted flame front thermal 
chemical origin fundamental importance. 


Thermal radiation defined that for which the intensity distribution 
function the wave length depends only the gas temperature and thus 
excludes the radiation intrinsic the nature the gas and the chemical 
luminescence (8). 

apparent then that the radiation body must include not only the 
frequencies corresponding the temperature radiation but also those excited 
other processes. this particular case, the additional radiation present 
that due luminescence. The energy this radiation must supplied 
from source other than the heat energy, and, fact, produced from 
the energy reaction. classical example chemical 
luminescence that the slow oxidation phosphorus. The reaction 
phenyl magnesium iodide and chloropicrin accompanied the emission 


green luminescence, and the reaction formaldehyde with pyrogallol, 


orange-red luminescence (2). 

According Prettre (3), luminescence has been observed during the 
oxidation practically all fuels, except hydrogen. The radiation spectrum 

flames complicated one. consists the entire spectrum solid 

carbon molecules, radicals the gaseous substances, and free atoms, well 

the spectrum due chemical luminescence. 
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Depending the temperature which combustion takes place, different 
types flames may appear such ‘cool flames’ and normal combustion 
flames. 


Emeleus (3) found that the spectra ‘cool flames’ are different from those 
normal flames; later from the work Kontrajew, Chou, and Henri, and 
Ubbelohde, was concluded that the ‘cool flames’ may attributed the 
presence formaldehyde. 


The visibility the formaldehyde luminescence attributed the high 
momentary concentration excited formaldehyde, due the rapid develop- 
ment the reaction the peninsula region (short induction period). 
these low reaction temperatures the radiation mostly emitted from the 
blue and ultraviolet, and appreciable amount thermal radiation 
present. However, higher temperatures, the branching less intense and 
the concentrations intermediate products build more slowly and finally 
the luminescence becomes weaker. 


the combustion ether air, the ‘cool flames’ are present between 180° 
and 270°C. slightly higher temperatures between 230° and 365°C. 
region ‘green flames’ appears. these temperature ranges the spectrum 
the C-C bands are most prevalent. The ‘green flames’ are very different from 
the bluish ‘cool flames’ and the white yellow normal flames. 


1.2.0 FLAME STRUCTURE 


well known that the combustion process affected different factors 
such heat conduction (transfer heat energy from the burnt gas the 
unburnt), diffusion, especially diffusion unburnt gas molecules into the 
combustion zone, and, under certain conditions, diffusion active particles 
from the combustion zone into the unburnt gas. 


According the above, the flame front only fictitious surface. 
reality, continuous transition from the burnt the unburnt takes place. 
This transition effected such thin layer that, most cases, discon- 
tinuous variation velocity, pressure, temperature, density, and concentra- 
tion may considered. 


Little known regarding the structure the flame front. Lewis and 
von Elbe (4), making certain simplifying assumptions, succeeded finding 
the order the temperature distribution, concentration, and thickness the 
combustion zone. They assumed that the sum the chemical and the 
heat energy constant and uniformly distributed over the entire burning 
zone. This assumption, although not completely justified, results great 
simplification the problem. 
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From these calculations, was found that the thickness the flame zone 
the order Fig. shows the experimental results (9) found 
Wolfhardt with acetylene and oxygen mixtures function the absolute 


pressure. 


° 


THICKNESS OF THE LIGHT EMITTING ZONE IN MM. 
° 


4 6 8 10 20 40 60 80 100 200 400 600 8001000 
ABSOLUTE PRESSURE IN MM. Hg 


Fic. variation the light emitting zone function the absolute pressure. 


Becker (1, Chap. investigated the structure shock wave front, taking 
into consideration the influence viscosity and heat transmission. His 
results were put more convenient non-dimensional form follows: 


where 


and were plotted Fig. This represents the intermediate special case 
going from the exothermic endothermic processes. 

The flame front characterized very steep temperature gradient which 
not pronounced weak shock wave front and responsible for the 
intense radiation and heat conduction. 


The flame front forms angle with the flow lines that the normal 
component the gas velocity equals the burning velocity. Thermal 
expansion increases the gas velocity well the angle flow lines such 
way that the flow the stream tube remains constant. has been observed 


10 
| 
} 
| 
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(5) that slow (laminar flow) flames the refraction flow line begins well 
before enters the luminous combustion zone, indicating penetration 
heat into the unburnt gas. the case turbulent flow, less premature 
refraction should expected. 


100 
80} 


=GAS CONSTANT 


| 
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ENTRY NORMAL MACH NUMBER Min 


Fic. variation the shock wave front with the entry normal Mach number. 


curved flame front large amount vorticity created; this results 
increase the heat dissipation. this effect and the diffusion 
active particles may attributed the increased burning velocity the tip 
the Bunsen burner. 

2.0 Assumptions 


According the above discussion, the flame front assumed discon- 
tinuity, e.g., zero thickness through which discontinuous change state 
occurs and increase entropy takes place. 


The influence viscosity, heat conduction, and radiation are disregarded. 
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3.0 Range and Scope Investigation 


the present treatment the endothermic and exothermic reaction fronts 
have been investigated. 

Both subsonic and supersonic flows have been examined, including the 
normal combustion process well detonation. 

addition the above, similar phenomena, such condensation and 
evaporation fronts, are within the scope the present investigation. 


4.1.0 General Equations the Discontinuity Front 


From Fig. the following equations conservation across the discontinuity 
front may written: 


Fic. diagram discontinuity front element. 


The continuity 


The normal component momentum 


The tangential component momentum 
The energy 
The state equations put the form the sound velocity 
(6) 


> 
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| 


VOL. 26, SEC. 


CANADIAN JOURNAL RESEARCH. 


4.2.0 Density RATIO 


the use Equations (4) and (6) can transform Equations (2), 
and (5) the following manner: 


(Y2 + 1) Mi, 


(3), 


1 Vin Pe V3, 
and calling 
Von 
ay a2 | 
obtain the following equations: 
1 9 9 
After some algebraic transformations finally obtain 
The solution this equation follows 
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The static density curves are asymptotic two density ratio lines 


1.0 and ——, 


clearly seen from Fig. 
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Fic. the static density ratio with the entry and exit normal Mach numbers. 


4.3.0 PRESSURE RATIO 


The static pressure ratioacross the discontinuity front may found follows 


and taking into consideration Equations (7’) and (8’) obtain finally 


4.4.0 Static TEMPERATURE RATIO 


j 
bs 
-60 
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4.5.0 THE ANGLE DEVIATION 


This may found from the following equation: 


After few simple algebraic calculations the normal Mach number ratio 
found 


4.7.0. HEAD PRESSURE RATIO 


After some simple algebraic transformations the total head pressure ratio 
was found be: 


(17) 
Pu E 1 Min, | 272 1 +- 


the case normal front the total head pressure ratio reaches its 
minimum value. 


4.8.0. THE RATIO 


From Equation (2) seen that the normal velocity ratio follows: 


(18) 


4.9.0 NorMAL AREA RATIO 


From Equations (2), (16), and (18) the area ratio may found 


(19) 


This parameter plotted against Fig. 
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MACH NUMBER OF THE NORMAL ENTRY VELOCITY Min 
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Fic. Variation the heat addition parameter with the entry and exit normal Mach 


4.10.0 DIFFERENCE THE SQUARE VELOCITIES 


After some simple algebraic calculations, the difference the square 
velocities was found be: 


4.11.0 THE PRODUCT 


the Appendix the product the normal velocities has been derived and 
follows: 
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Equation (21) can also written another form follows: 


Vin Ven + i) P2 Tx 


5.0 Results and Discussion 


Figs. and show the variation the static density and area ratio 
parameter with the entry and exit normal Mach numbers for different values 
the heat addition function 


seen that the exit normal Mach number has unity limiting value. 
For given subsonic normal entry Mach number through exothermic 
discontinuity, maximum heat addition function appears, corresponding 
unity exit normal Mach number, and the maximum entry normal Mach 
number decreases with increasing heat addition function. 


given supersonic normal entry velocity through exothermic 
discontinuity, minimum heat addition function appears, corresponding 
unity exit normal Mach number, and the minimum entry normal Mach 
number increases with increasing heat addition function. 


endothermic discontinuities, extreme values the entry normal 
Mach number appear. 


For supersonic normal entry velocities passing through exothermic discon- 
tinuities, the resulting exit static density larger than the entry one and the 
ratio the entry the exit static density decreases with increasing heat 
addition function; consequently the discontinuity behaves like compression 
shock wave. entry normal velocity the reverse true and 
acceleration realized through the discontinuity. each case, the static 
density ratio decreases with increasing entry normal Mach number. When 
the discontinuity endothermic the exit static density always larger than 
the entry and the static density ratio decreases with increasing heat addition 
function. 


Figs. and show the variation the entry and exit normal Mach numbers 
with the minimum total head pressure ratio and the heat addition function. 


seen that when the flow passes through exothermic discontinuity, 
the total head pressure ratio smaller than unity (loss momentum) and 
the reverse true when passes through endothermic discontinuity (Mach 
number slightly greater than one). 
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the endothermic case, maximum value the total head pressure ratio 


appears entry normal Mach number slightly smaller than unity, 
1t/ min 


tending towards unity the heat addition function tends zero and accom- 
panied increase the exit normal Mach number. The maximum value 


the total head pressure ratio 1.235. When the flow passes 


lt 
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MINIMUM TOTAL HEAD PRESSURE RATIO (Ee) 
\Pit min. 


Fic. Variation the minimum total head pressure with the entry and exit normal 
Mach numbers. 


through exothermic discontinuity and the entry normal Mach number 


smaller than unity, the total head pressure ratio always 0.8, and 
1t/ min 


increases with increasing entry normal Mach number and the heat addition 
function. the case when the entry normal Mach number larger than 
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unity, lower limit the total head pressure ratio exists and decreases 
with increasing entry normal Mach number and heat addition function 


From Fig. seen that for given total head pressure ratio 
min 


1t 
the exothermic case, maximum exit normal Mach number appears. 


Vy ' \ \ | 7 / 
| 
{a 


EXIT NORMAL MACH NUMBER Mon 


ENTRY NORMAL MACH NUMBER Min 
Fic. Variation the exit normal Mach number with the entry normal Mach number. 
Fig. shown the variation the static pressure difference ratio across 
the discontinuity with the entry and exit normal Mach number and the heat. 
addition function. seen that when the entry normal Mach number 
smaller than unity, drop static pressure occurs passing through the 
exothermic discontinuity, and the larger this pressure drop, the larger the 
entry normal Mach number and the larger the heat addition function. 


the entry normal Mach number larger than unity, increase static 


pressure occurs and this increase larger, the larger the entry normal Mach 
number and the smaller the heat addition function. 


Figs. 10, 11, 12, and show the variation the angle deviation with 
the angle incidence and the entry Mach number for different values the 
heat addition function 2.5, —1.0, 2.5, and 10, respectively. 


seen that the maximum (negative) deviation for infinite entry Mach 
number, varies little with the heat addition function and 
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P2-P 


STATIC PRESSURE DIFFERENCE RATIO 


EXIT NORMAL MACH NUMBER M2n 


Fic. Variation the static pressure difference with the entry and exit normal Mach 
numbers. 
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Fic. Variation the angle deviation with the angle incidence and the entry Mach 
number. 
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° ite) 20 30 40 50 60 70 80 90 
ANGLE OF INCIDENCE §, 


Variation the angle deviation with the angle incidence and the entry Mach 
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larger than Again the maximum angle deviation for zero entry 
Mach number, increases with the heat addition parameter from 

For all endothermic cases, including the isoenergetic, for given entry 
Mach number maximum deviation appears and its value decreases with 
increasing heat addition function. 


ANGLE OF DEVIATION § 


ANGLE OF INCIDENCE q, 


Fic. the angle deviation with the angle incidence and the entry Mach 
number. 


exothermic discontinuities and for low entry Mach numbers (depending 
the value the heat addition parameter), maximum deviation angles 
appear, until certain value the entry Mach number 
This changed into inflection point and the deviation curve reaches 
limiting value when the exit normal Mach number reaches unity. The larger 
the heat addition function the smaller the value which the inflection 


appears. 

For supersonic inlet flows and small angle incidence the deviation angle 
negative, reaching maximum (negative) value after ending limiting 
line where the exit normal Mach number unity. Above this angle 
incidence solution exists until another limiting value corresponding 


50 T 
7 | 
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exit normal Mach number unity reached. Beyond this limiting value 
positive angle deviation appears and its value decreases with increasing 


angle incidence. 

From the above discussion may concluded that, passing through 
the discontinuity when the angle deviation negative, compression shock 
wave occurs, and when the deviation positive, expansion occurs. 


60 


ANGLE OF DEVIATION 


° ife} 20 30 40 50 60 70 80 90 
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Fic. 13. Variation the angle deviation with the angle incidence and the entry Mach 
number. 


The velocity product not constant the cases examined 
Prandtl and Th. Meyer (6) but complicated function the Mach numbers, 
densities, and temperatures. 


6.0 Conclusions 
From the above analysis and discussion, the following conclusions are 
drawn: 
The maximum exit normal Mach number through discontinuity front 
unity. 
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exothermic discontinuity, depending the value the heat addition 
function, maximum minimum value the entry normal Mach number 
appears corresponding the subsonic supersonic normal flow. 
exothermic discontinuity, when the entry normal Mach number less than 
unity, the discontinuity behaves like expansion and accompanied 
drop static pressure, density, and total head pressure. the reverse case, 
normal Mach number larger than unity, behaves compression 
shock wave and accompanied increase static pressure and density 
and decrease total head pressure. 


When the flow passes through endothermic discontinuity, the discon- 
tinuity behaves compression shock wave, and accompanied 
increase static density, pressure, and total head pressure. 
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APPENDIX 
Derivation the Normal Velocity Product 


The energy equations either side the discontinuity front may 
written follows 


(23) 


and after some transformation the following may obtained 


using the momentum Equations (3) and (4) the following found: 
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and from Equations (24) and (25) 


but from Equations (3) and (18) the following may obtained 
and finally 
From Equations (26) and (27) the following may found 
Vin Von = 


72 P2 ( 


The critical velocity corresponding total head conditions given by: 
and substituting into Equation (28) after some simple transformations, 
finally obtain: 
Pi 1 lt Pe v2 1 + 71 


9 (pe 
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and rearranging this equation after some transformation finally obtain: 
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STACKED 


PEPPER 


Abstract 


omni-directional antenna array, which might find use the frequency- 
modulation broadcast field, described. 


omni-directional antenna-array, which might find use the frequency- 
modulation broadcast field, was developed during the war the National 
Research Council Canada, omni-directional radar beacon for the 
Royal Canadian Air Force (see photograph). Five simple V-antennas, each 
consisting two mutually perpendicular end-fed half-wave dipoles, were 
stacked half-wave spacing give the required gain. Each V-element was 
fed from double coaxial transmission line, which turn was center-fed 


from balanced BA4 (RG22/U) cable. 


The two dipoles each were mounted, one each side the double 
coaxial feed, and set make angle approximately 45° with the 
line through the feed, giving total approximately 90° between dipoles. 
The position the dipoles was interchanged for alternate V’s, give the 
required phasing. 

reasonably circular pattern, and power gain quite comparable with 
other five-bay stacks proposed for frequency-modulation broadcast purposes, 
was obtained. the same time, matching problems proved very 
much simpler than for stacks some the so-called loop antennas. 


The entire array was weatherproofed, and found simple enough for mount- 
ing wooden frame. 
Manuscript received June 1947. 


Contribution from the Electrical Engineering and Radio Branch, National Research 
Laboratories, Ottawa, Canada. Issued N.R.C. No. 1656. 


PLATE 


The experimental model stacked V-antenna. 


| 
a & 
u 
| 1 
Be 
| 
| 


CANADIAN JOURNAL RESEARCH 


Notes the Preparation Copy 


GENERAL:—Manuscripts should typewritten, double spaced, and the original 
and one extra copy submitted. Style, arrangement, spelling, and abbreviations 
should conform the usage this Journal. Names all simple compounds, 
rather than their formulae, should used the text. Greek letters unusual signs 
should written plainly explained marginal notes. Superscripts and sub- 
scripts must legible and carefully placed. Manuscripts should carefully checked 
before being submitted, reduce the need for changes after the type has been set. 
authors require changes made after the type set, they will charged for 
changes that are considered excessive. All pages, whether text, figures, 
tables, should numbered. 


ABSTRACT:—An abstract not more than about 200 words, indicating 
the scope the work and the principal findings, required. 


ILLUSTRATIONS: 

(i) Line Drawings:—All lines should sufficient thickness reproduce well. 
Drawings should carefully made with India ink white drawing paper, blue 
tracing linen, co-ordinate paper ruled blue only; any co-ordinate lines that 
are appear the reproduction should ruled black ink. Paper ruled 
green, yellow, red should not used unless desired have all the 
co-ordinate lines show. Lettering and numerals should neatly done India ink 
preferably with stencil (do not use typewriting) and such size that they 
will legible and not less than one millimeter height when reproduced cut 
three inches wide. All experimental points should carefully drawn with instru- 
ments. need not more than two three times the size the 
desired reproduction, but the ratio height width should conform with that 
the type page. The original drawings and one set small but clear photo- 
graphic copies are submitted. 


(ii) Photographs:—Prints should made glossy paper, with strong contrasts; 
they should trimmed remove all extraneous material that essential features 
only are shown. Photographs should submitted duplicate; they are 
reproduced groups, one set should arranged and mounted cardboard 
with rubber cement; the duplicate set should unmounted. 


(iii) General:—The author’s name, title paper, and figure number should 
written the lower left-hand corner (outside the illustration proper) 
the sheets which the illustrations appear. Captions should not written 
the illustrations, but typed separate page the manuscript. figures 
(including each figure the plates) should numbered consecutively from 
(arabic numerals). Each figure should referred the text. authors 
desire alter cut, they will charged for the new cut. 


TABLES:—Titles should given for all tables, which should numbered 
Roman numerals. Column heads should brief and textual matter tables 
confined minimum. Each table should referred the text. 


REFERENCES:—These should listed alphabetically authors’ names, 
numbered that order, and placed the end the paper. The form 
literature citation should that used the respective sections this Journal. 
Titles papers should not given references listed Sections 
and but must given references listed Sections and The first 

age only the references cited papers appearing Sections and should 
given. All citations should checked with the original articles. Each 
citation should referred the text means the key number; Sections 
and the author’s name and the date publication may included with the 
key number desired. 

The Canadian Journal Research conforms general with the practice outlined 


the Canadian Government Editorial Style Manual, published the Department 
Public Printing and Stationery, Ottawa. 


Reprints 


Fifty reprints each paper without covers are supplied free. Additional reprints, 
required, will supplied according prescribed schedule charges. request, 
covers can furnished cost. 


i 


‘ = 
7 +. 
4 


